A simple averaging procedure of bond lengths and angles applicable to an aromatic ring system was applied to the crystal structures of the tryptophan metabolites analyzed so far, as an example. Statistical analysis showed no marked effect of the 5-substituent on the molecular dimensions of the 3-substituted indole ring in tryptophan metabolites. The standard bond lengths and angles of the 3-substituted indole ring were calculated according to the statistical averaging procedure outlined here and using data from 35 tryptophan metabolites; the interatomic correlations of the indole ring have been discussed based on these values. The result suggests the validity of the D 2 statistic for averaging the planar ring structure in aromatic systems.
Introduction
The exact determination of molecular geometry is of vital importance to our understanding of chemical structure and bonding behavior. It also gives clues to the electronic nature of a molecule and its intrinsic propensity, by which it can play a unique role. The 'standard' bonding parameters, on the other hand, enable evaluation of the effect of a substituent or the accuracy or the significance of differences in experimental data.
Much experimental data have been derived from X-ray and neutron diffraction measurements, and structural parameters of over 140000 organocarbons have been accumulated in the Cambridge Crystallographic Data Centre (Allen et al., 1991) . Methods have been developed to estimate the average molecular dimensions (AMD) for aliphatic organic compounds and the validity of these methods has been tested (Chakrabarti & Dunitz, 1982; Schweizer & Dunitz, 1982; Taylor & Kennard, 1983 , 1985 , 1986 Allen et al., 1987) . There appear to be rather few studies (Taylor & Kennard, 1982) concerning the estimation of AMD for aromatic compounds in which all bonding parameters cannot be treated as independent.
As far as the aromatic ring structures are concerned, there would be considerably strong correlation among bond lengths and angles because of their strict restriction by the ring formation; each of them is closely related with one another in a planar ring. It is supposed that these interrelations are rather inversely proportionate to each other in the closed-ring structure. In statistical analyses for such ring structures, therefore, the parameters (bond lengths/angles) in planar rings should be treated as multivariates. The procedure presented here could detect the ring deformations as multivariate outliers and thus could quantitatively describe the whole deviation of each structure from the mean. This is the main advantage of averaging the ring structures and is superior to other trials so far.
In order to investigate a possible relationship between the metabolic pathway of tryptophan and the conformation of each metabolite, on the other hand, we have been analyzing crystal structures of a series of tryptophan metabolites. A set of standard bond lengths and angles for the tryptophan indole ring is very useful to estimate the accuracy of the analyzed bonding parameters and to consider the accurate electronic/biological propensity of each tryptophan metabolite. However, no systematic and satisfactory AMD estimation method has been reported so far. Under such circumstances we developed an averaging procedure for the indole aromatic ring. In order to estimate the AMD of tryptophan metabolites, the bond lengths and angles of the planar ring structures were summed up en bloc and parameters of multivariate outliers were excluded from the estimation.
Data set
An atomic numbering of the common moiety of tryptophan metabolites is shown in Fig. 1 . A bibliographic list of all structures used in the analysis is given in Table 1 , where all trytophan metabolites reported so far, except for the metal complexes and the 4-substituted nonmetabolites, are structures were used for the present statistical treatment.
After sorting of the 46 structures for each parameter (bond length and angle), the quartiles, q0, ql, q2, q3 and q4, were obtained, which correspond to the minimum, 25, 50 and 75 percentiles, and maximum of each parameter, respectively. A list of these values, together with the mean, standard deviation (or) and quartile deviation [(QD) = (q3-ql)/2 (Read, 1986)], is given in Table 2 . The small QD values of the bond lengths (0.005-0.010,~) and angles (0.4-0.8") for all the 46 structures indicate that the effect of 5substitution on the molecular dimensions of the indole ring is not as significant as has been supposed. On the other hand, some bond lengths and angles show threefold larger cr values than the corresponding QD values, indicating that some data unsuitable for the estimation of AMD are included in the present data set. For statistical treatment of reliable data, therefore, it is of utmost importance to develop an appropriate method for the detection and exclusion of such multivariate outliers. This is one of the main objectives of the present study.
Methods
In order to obtain the mean ring structure of tryptophan metabolites, we used the D 2 statistic as a measure of the distance between the two populations (Mahalanobis, 1936; Pillai, 1985) , and this statistic is also applicable as a measure of the distance between each sample structure and its mean in the present study.
When X and/t denote the observed and mean vectors of p geometrical variables, respectively, the distance (D~i) of the ith sample from the mean in p-dimensional space is defined as
where (X i -p)' represents the transposed matrix of difference vector (Xi -/t) and 27-~ is the inverse matrix of the p x p covariance matrix 2?. Each component of Z, Vjk (the covariance of the jth and kth variables), is defined as
where n is the number of samples. The D 2 statistic (/9"7/ in 1) is well known as Mahalanobis' squared distance (Mahalanobis, 1936; Pillai, 1985) and obeys the X 2 distribution for p degrees of freedom. In this study we attempted to determine multivariate outliers and to quantitatively estimate the deviation from the mean ring structure by applying this D 2 statistic to the indole rings of tryptophan metabolites. A conventional statistical test, the t-test, was also used for the comparison of the bonding parameters between two groups, i.e. 5-substituted and unsubstituted structures. For t, X 2 and r values for the degree of freedom v at the level of significance a, the expressions of t(v, or), X2(l), o~) and r(v, a) were used. bond lengths and angles were classified into two groups (numbers 1-30 and 31-46 in Table 1) , and were separately treated for statistical calculations. A comparison of the results from both groups is given in Table 3.  From Tables 2 and 3 it is found that all the structural parameters of 5-substituted derivatives are in the range of unsubstituted structures. Moreover, neither t(44, 0.05) value >2.0154 nor p value <0.05 is found in Table 3 , indicating that the molecular dimensions of indole rings of both groups are essentially in the same range. This is also clear from histograms of bond angles involving C5 (Fig. 2) , where the bond angles of C5substituted compounds are distributed without specific propensity on the histogram of unsubstituted compounds; bond lengths of the C5-substituted structures also show almost the same distribution as those of the unsubstituted compounds. Thus, it could be concluded that the substitution at C5 does not affect the molecular dimensions of 3-substituted tryptophan metabolites at all, so far as the C5-substitution is the hydroxyl or methoxyl group in the tryptophan metabolite. For the subsequent statistical treatment, therefore, data were treated en bloc.
/92 statistic and multivariate outliers
Using equation (1), the /~ statistic (Mahalanobis' squared distance) was applied to the bond lengths and angles of 46 structures in Table 1 . The results are given in Fig. 3(a) , where ten bond lengths constituting the indole ring were treated as variables. The results for 13 bond angles are given in Fig. 3(b) X2(13, 0.01) ]. In order to estimate the correlation between bond lengths and angles, a scattering diagram is shown in Fig. 3(c) , where the linear correlation coefficient r for 44 degrees of freedom is 0.874. From these figures, we find that: (i) seven structures, which are judged as outliers at c~ = 0.01, are the same after both calculations of bond lengths and bond angles; (ii) nine structures in D2(length), which should be excluded at ot = 0.05, are all included in 11 structures of D2(angle); (iii) although r-0.874 indicates a relatively high correlation between D2(length) and D2(angle), its collinearity is clear in the outlier region (right-upper region of Fig.  3c), especially, and the normal region (left-lower  region) shows a rather broad distribution (poor correlation) from the collinearity, reflecting also a certain degree of independence between bond lengths and angles. On the basis of the analyses of the D 2 statistic , 11 structures (numbers 2, 5, 11, 15-17, 26 , 29-31 and 46 in Table 1 ), which showed the outlier of D2(angle) at ot = 0.05, were excluded from the data set in the subsequent statistical treatment.
Mean molecular fragment
Using data from the 35 structures, the bonding parameters for the mean molecular fragment (MMF) were calculated and the results are given in Table 4 . The sums of three bond angles around C3, C8 or C9 are all 360.0 ° and the sums of interior angles of indole fiveand six-membered rings are 540.0 and 720.0 °, respectively.
In order to estimate the effect of 3-substitution on the bonding parameter of the indole ring, the averaged values were compared with the bond lengths and angles of the indole ring itself. Although there are four reports on the analysis of the indole crystal in the Cambridge Structural Database (CSD), only one analysis [indole: 9-ethyladenine complex (Kaneda & Tanaka, 1976) ] is available concerning its bonding parameters (Table 4) . Thus, statistical comparison with the AMD of 3substituted tryptophan metabolites is impossible. However, a general tendency concerning the effect of 3substitution on the indole ring can be discussed as follows. The bond lengths C3--C9, C4--C9 and C7--C8 appear to increase with the substitution at C3. Furthermore, the increase in the N1--C2--C3 bond angle is concomitant with the decrease in C2--C3--C9 and C3--C9--C4 bond angles. A similar change could also be observed in the C4--C5--C6, C5--C6--C7 and C5--C4--C9 angles.
Evaluation of D 2 statistic
Since values obtained from the DE statistic reflect the cumulative deviation of bond lengths or angles (Xi-/t) of each observation (Xi) from the AMD (,u), these values could be compared with ~length or ~angle (= EIXj --/tjl), in order to further evaluate the validity of the/)2 statistic. The scattering diagram of 8~ength with respect to DE(length) for all 46 structures is shown in Fig. 4 ; a similar tendency is also obtained for t~angle-DE(angle) plots (data not shown). The correla- tion coefficients r for Slength -DE(length) and Sangle-DE(ang le) pairs were 0.925 and 0.840, respectively. These high correlations suggest clearly that the ring deformation and total deviation from the mean ring can be treated by the DE statistic, quantitatively. Based on this background, we used effectively the DE statistic to detect outliers and exclude them from further averaging procedure.
On the other hand, Taylor and coworkers (Taylor & Kennard, 1985; Allen et al., 1987) have recommended the prescreening method on the basis of precision (e.s.d. for C--C bonds) of X-ray analysis, in which the data with e.s.d.'s >0.010A are eliminated beforehand as unreliable low-precision data. In order to evaluate the relationship between the DE outliers and low-precision X-ray analyses, 46 structures were surveyed again and classified into four groups by two features, i.e. DE statistic (outliers or not) and X-ray precision (less or greater than 0.010,~). The classification result is given in the following fourfold The high X 2 value (-21.360) obtained from the fourfold table test indicates that a considerably strong interrelation exists between two features. In fact, 10 of 11 DE outliers are found later to be from low-precision analyses (e.s.d. > 0.010A) by comparison with the original literature or AS-flag (Allen et al., 1987; Allen et al., 1991) in the CSD database. On the contrary, sample number 26 (MEADIN10 in CSD code, ASflag =2) is only one DE outlier from high-precision X-ray ~inalyses. As shown in the above fourfold table, there are 14 structures from low-precision analyses, in which 10 structures are discriminated as outliers only by the calculation of DE values. In other words, the DE statistic could detect 10 out of 14 inaccurate structures, based on the total deviation from the mean ring.
Interatomic correlation of indole ring
In order to investigate the possibility of 'concerted' atomic movement in the indole ring, correlations between bond lengths and between bond angles were calculated using data from 35 structures and the results are given in Table 5 . There are four bond-length pairs and 20 bond-angle pairs exhibiting correlation coefficients larger than r(33, 0.001) = 0.532. Concerning the bond length, the C4--C5 bond showed r = 0.718 with respect to the C3--C9 bond. Since the sign of this correlation coefficient is positive, it may indicate easy stretching of the C4--C9 bond in the C3--C9--C4--C5 bond sequence. On the other hand, the highest correlation coefficient (r =-0.839) was observed between C2--N1 --C8 and N1--C8--C9 bond angles. Since the sign of this correlation coefficient is negative, either N1 or C8 in the bond sequence of C2--N1--C8--C9 could be thought to move. Judging from the high correlation coefficient
(r = -0.771) observed between C3--C9--C8
and C9mC8--N1 bond angles, C8 could be concluded to be the most mobile atom in the indole ring. Similarly, both negative correlation coefficients of r =-0.706 and -0.763 between the neighboring angles in the C9--C4--C5--C6--C7 bond sequence indicate the easy movement of C5. A high positive correlation coefficient (r = 0.798) between C4mC9--C8 and C9--C8--N1 angles, in contrast, can be interpreted as the easy stretching of the central C8mC9 bond in the N1--C8--C9--C4 bond sequence.
Conclusion
The present study demonstrates the applicability of multivariate analysis to averaging of the planar ring structure in aromatic systems, using molecular dimensional data of tryptophan metabolites, and is summarized as follows.
(1) The D 2 statistic procedure, well tested by trial and error, is suitable for averaging the molecular fragments, when the number of observations available is not sufficient for the deviation of meaningful conclusions.
(2) The mean advantage of this approach is its wide range of applications to molecular fragments, particularly to aromatic rings.
(3) The D 2 statistic is valuable for detecting the outliers and expressing the deformation of each molecular structure observed from the mean ring, quantitatively.
